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Abstract 40 
The effects of methane addition to PRF95 (primary reference fuel with 95% volume of iso-octane and 41 
5% volume of n-heptane) on the fundamental combustion parameters are experimentally investigated in a 42 
cylindrical combustion vessel using classical schlieren technique. In this study, methane is added with 43 
three energy fractions of 25%, 50% and 75% to PRF95. The laminar flame propagation, Markstein length 44 
and flame instability of dual fuels under different initial pressures and with different equivalence ratios, 45 
especially under lean burn condition, are well studied. Spherical flames are experimentally investigated at 46 
the initial temperature of 373 K and under the pressures of 2.5 bar, 5 bar and 10 bar. The equivalence ratios 47 
vary with 0.8, 1.0 and 1.2. The stretched flame speeds are determined by outwardly spherical flame 48 
method. The results show that at low initial pressures, the addition of methane to PRF95 increases the 49 
stretched flame speeds with lean equivalence ratios while decreases it in rich region. Laminar flame of 50 
methane-PRF95 mixtures burn faster than those of pure methane and PRF95 with equivalence ratio of 0.8 51 
over the whole range of the initial pressures investigated, and this trend is more obvious at low pressure. 52 
Comparing the data of 25% methane dual fuel (DF25) with that of base fuels with the equivalence ratio of 53 
0.8 and under the initial pressure of 2.5 bar, it can be seen that the flame speed of DF25 is 57% faster than 54 
that of methane and 22% faster than that of PRF95. These results provide important theoretical references 55 
to lean burn SI engine with methane-gasoline dual fuels under lean burn conditions. 56 
Keywords: Methane-PRF95; Laminar flame speed; Lean burn; Flame instability 57 
1. Introduction 58 
Lean combustion is one of the most developed technologies in spark ignition (SI) engines. Compared 59 
with stoichiometric operation, lean combustion in SI engines reduces NOx emissions as well as fuel 60 
consumption. In addition, lean combustion can improve engine part load characteristics and reduce the 61 
trend of engine knock in downsized SI engines. However, in lean burn gasoline engines, the ignition delay 62 
time might become long and the flame propagation might become slow, resulting in the reduction of 63 
combustion efficiency. On the other hand, lean combustion is less stable, and great cycle-to-cycle variation 64 
occurs during flame initiation and development, which will lead to poor drivability [1-3]. Methane, as one 65 
of the most promising alternative fuels for internal combustion engines, is abundant all over the world and 66 
can be regenerated as a biomass fuel. It has been used in small passenger cars as an alternative fuel of 67 
gasoline, which features many advantages, such as high knocking resistance and low CO2 emissions. 68 
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However, its slow flame speed and low energy density are the major obstacles for use in actual combustion 69 
application. In recent years, methane-gasoline dual fuel has been considered as a potential choice as an 70 
alternative fuel for spark ignition (SI) engines, especially for downsized engines with turbocharger that can 71 
use the advantages of both the fuels [4-6]. As emphasized in the literature of experimental studies [7-9], 72 
methane-gasoline dual fuel has the potential to improve mixture combustion, leading to an enhanced initial 73 
establishment of burning speed, even compared to that of gasoline. Thus the application of 74 
methane-gasoline dual fuel (DF) in lean burn SI engine can solve the following issues at the same time: 75 
broadening combustion limit and enhancing flame speed, improving emission characteristics and 76 
cycle-to-cycle variation, as well as engine part load characteristics.  77 
Recently, some practice engine experiments using methane-gasoline, as well as its surrogate fuel, 78 
n-heptane and iso-octane have been conducted by Gou et al. [4], Pipitone et al. [5] and Delpech et al.[6]. 79 
They reported power or emission improvements in different level for dual fuels at their own conditions, but 80 
there hasn’t been unified conclusion. It is because that actual engine test condition is complex and varies 81 
among researchers. Therefore, this study shows the fundamental laminar flame propagation characteristics 82 
in constant volume combustion bomb (CVCB) to investigate the effect by single parameter, such as initial 83 
pressure and equivalence ratio. In addition, the previous researchers are still very limited in the 84 
performance of DF in SI engine. 85 
For combustion fundamental research, Baloo et al. [9] investigated the laminar burning speed, flame 86 
instability and burning flux of iso-octane/methane blend using schlieren photography. The results showed 87 
that the addition of methane to iso-octane increases the unstretched propagation speed in lean region but 88 
decreases the unstretched propagation speed in rich region. For the fundamental investigation of laminar 89 
flame, most efforts have been confined to hydrogen addition to increase methane (CNG) or iso-octane 90 
flame speed. They found that the addition of hydrogen promotes the ignitable range, the burning speed the 91 
flame stability. The laminar burning characteristics of methane-PRF95/gasoline blended fuel has not been 92 
well understood, which is a physiochemical property that influences the emissions and performance of the 93 
combustion process in many combustion devices. On the other hand, the fundamental research can be used 94 
to develop models for numerical simulation of combustion. Thus, the fundamental investigation of 95 
methane-gasoline dual fuel is necessary, especially with low equivalence ratios. 96 
The objective of this study is to experimentally investigate the combustion characteristics of dual fuel 97 
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consisting of methane with three energy ratios compared with base fuels, such as laminar flame 98 
propagation, Markstein length and flame instability, under different initial pressures and with different 99 
equivalence ratios, especially under lean burn condition. The present work provides a new insight into the 100 
laminar flame propagation of dual fuel. The tests were performed under the initial pressures of 2.5 bar, 5 101 
bar and 10 bar, with an initial temperature of 373 K. The equivalence ratios vary with 0.8, 1.0 and 1.2. 102 
Each point of the tests was repeated at least three times to ensue reproducibility. As gasoline is a mixture of 103 
many species and would be too complex for detailed chemical reaction mechanism analysis, PRF95 was 104 
used in this study as a representative component of gasoline [10,11]. The present study is very helpful to 105 
improve the chemistry mechanism of DF for numerical combustion simulation and to understand the 106 
performance of DF in actual SI engine. 107 
The paper is organized as follows: the experimental setup and conditions are briefly discussed in 108 
Section 2; Section 3 illustrates the laminar combustion theory; the results and discussion are presented in 109 
Section 4, involving the analysis of flame morphology, stretched flame speed, Markstein length and flame 110 
instability; finally, major conclusions from this work are drawn in the last section. 111 
2. Experiment 112 
2.1 Experimental setup 113 
 114 
Fig. 1. Schematic diagram of the experimental setup. 115 
A 100 mm inner diameter cylindrical combustion vessel with a volume of 2.32 L was employed for 116 
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the experimental study. The experimental setup is illustrated in Fig. 1. The entire vessel was uniformly 117 
preheated by a set of electrical heating elements totaling 2,000 W. The interior air temperature was 118 
controlled within 3 K using a closed-loop feedback controller set to 373K. The mixture was ignited using a 119 
slightly modified standard ignition plug with extended electrodes. The ignition system generated a spark 120 
with duration of 0.7 ms and the timing was synchronized with the high-speed camera which has the speed 121 
of 6,000 frames per second using a resolution of 512*512 pixels. More details of the experimental 122 
specifications can be found in reference [12]. 123 
2.2 Experimental procedure 124 
In the present work, dual fuel of methane and PRF95 (95% volume of iso-octane and 5% volume of 125 
n-heptane) is studied under pressures of 2.5 bar, 5 bar and 10 bar, at initial temperature of 373 K and with 126 
equivalence ratios of 0.8, 1.0 and 1.2. Mixtures were prepared in the vessel, which was initially evacuated. 127 
The required quantity of the fuel PRF95 was injected in liquid state with a calibrated spray injector, which 128 
was situated vertically on the right wall of the chamber. The fuel methane was from pressurized cylinders. 129 
In this study, the dual fuel blend consisted of methane with three energy ratios of 25%, 50% and 75%, 130 
marked as DF25, DF50 and DF75 respectively. For the liquid fuel, PRF95 was used. High purity methane 131 
was used as the gaseous fuel. The dual fuel blends consist of methane and PRF95 in three different energy 132 
ratios (25%, 50%, 75%). A blend with 25% of its energy contributing from methane as defined in Equation 133 
(1) was labelled as DF25, with 50% DF50, and for 75% DF75. 134 
           𝑫𝑫𝑫𝑫𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹 = 𝑴𝑴𝑪𝑪𝑪𝑪𝟒𝟒×𝑳𝑳𝑪𝑪𝑳𝑳𝑪𝑪𝑪𝑪𝟒𝟒𝑴𝑴𝑷𝑷𝑹𝑹𝑫𝑫𝟗𝟗𝟗𝟗×𝑳𝑳𝑪𝑪𝑳𝑳𝑷𝑷𝑹𝑹𝑫𝑫𝟗𝟗𝟗𝟗+𝑴𝑴𝑪𝑪𝑪𝑪𝟒𝟒×𝑳𝑳𝑪𝑪𝑳𝑳𝑪𝑪𝑪𝑪𝟒𝟒                   (1) 135 
Where 𝑀𝑀 represents the number of mole of fuel and LHV indicates low heating valve. 136 
Dry air (80% N2 and 20% O2) was added to all the fuels from a cylinder, in order to let the mixture 137 
achieve the pressures of 2.5 bar, 5 bar, 10 bar as required, as well as required equivalence ratio at ignition, 138 
for the tests presented here. Prior ignition, the fuel and the air mixture were initially premixed for 5 139 
minutes to realize homogeneous mixture under the target condition of initial temperature, 373K, which was 140 
selected to guarantee iso-octane and n-heptane were completely vaporized prior combustion, under all the 141 
pressures and at the equivalence ratios. Finally, the spark igniter, pressure recorder and high-speed digital 142 
video camera were triggered simultaneously by synchronization. For each of the testing points, three 143 
measurements were carried out to check repeatability. The experimental conditions are summarized, as 144 
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shown in Table 1. In order to facilitate the subsequent simulation study, the mole fractions of the base fuels 145 
in the different DF mixtures are presented in Table 2. In this study, the relative errors for the temperature 146 
and initial pressure are 1% and 0.5%, respectively. The relative error of measured values (flame radius, 147 
stretched flame speed) all have their maximum value of 3%. 148 
Table 1 Experimental conditions. 149 
Parameters Value 
Combustion chamber volume/V 2.32L 
Initial temperature/𝑇𝑇0 373K 
Initial pressure/𝑃𝑃0 2.5 bar, 5 bar, 10 bar 
Fuel CH4, PRF95, DF25, DF50, DF75 
Equivalence ratio/𝜑𝜑 0.8, 1.0, 1.2 
Table 2 Mole fractions of base fuels in the DF mixture. 150 
DF ratio (%) XCH4 XPRF95 
0 0 1 
25 0.68 0.32 
50 0.86 0.14 
75 0.95 0.05 
100 1 0 
 151 
2.3 Image processing 152 
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 153 
Fig. 2. Detection of temporal flame edge. 154 
    Because of the impact of flame quenching from the electrodes, the flame speed along the direction of 155 
the electrodes is slow, thus the flame is not perfectly spherical. The flame front on the left side of spherical 156 
flame is used to measure the flame radius, as shown in Fig. 2. The averaged value in the three directions 157 
(135, 180, -135) on the left hemisphere presents the flame radius 𝑟𝑟𝑢𝑢. This operation was performed as a 158 
semiautomated batch process in PCO Picture Viewer software. Experiments [5,13] suggest that the flame 159 
speed is independent from ignition energy when the flame radius is larger than 6 mm. Therefore, this study 160 
neglected the data with radius of below 6 mm in order to avoid the effect of spark-ignition disturbance. As 161 
described in reference [14], for cylindrical chambers, data analysis should be restricted to flame radii less 162 
than 0.3 times of the wall radius. Therefore, when the flame radius is less than 15 mm in this study, the 163 
pressure increase in chamber is negligible and the effect of cylindrical confinement on the determination of 164 
flame speed can be neglected. Thus, only the flame images with radius between 6 mm and 15 mm were 165 
selected to obtain the flame speed. Besides, meaningful determination of the flame speed precludes the 166 
instances exhibiting flame-front cellular structure. 167 
3. Spherical flame analysis 168 
For an outwardly propagating spherical flame, the stretched flame speed 𝑆𝑆𝑛𝑛 is calculated according 169 
to the temporal derivative of the flame radius development [13,15,16]: 170 
                     𝑆𝑆𝑛𝑛 = 𝑑𝑑𝑟𝑟𝑢𝑢𝑑𝑑𝑑𝑑                                 (2) 171 
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Where 𝑟𝑟𝑢𝑢 is flame radius, 𝑡𝑡 is the elapsed time after ignition. 172 
The stretch rate 𝛼𝛼 originates from the strain and the curvature of flame surface, which can be defined 173 
as:  174 
                    𝛼𝛼 = 𝑑𝑑(𝑙𝑙𝑛𝑛𝑙𝑙)
𝑑𝑑𝑑𝑑
= 1
𝑙𝑙
𝑑𝑑𝑙𝑙
𝑑𝑑𝑑𝑑
                          (3) 175 
Where A is flame area. 176 
For an outwardly propagating spherical flame，the formula of spherical area is introduced as: 177 
                  𝛼𝛼 = 1
𝑙𝑙
𝑑𝑑𝑙𝑙
𝑑𝑑𝑑𝑑
= 2
𝑟𝑟𝑢𝑢
𝑑𝑑𝑟𝑟𝑢𝑢
𝑑𝑑𝑑𝑑
= 2
𝑟𝑟𝑢𝑢
𝑆𝑆𝑛𝑛                     (4) 178 
The unstretched flame speed 𝑆𝑆𝑙𝑙 can be extracted as explained with linear method in references 179 
[17,18].The linear equation is shown as: 180 
                      𝑆𝑆𝑙𝑙 − 𝑆𝑆𝑛𝑛 = 𝐿𝐿𝑏𝑏𝛼𝛼                            (5) 181 
Where 𝐿𝐿𝑏𝑏 is the Markstein length relative to burned gas, and 𝛼𝛼 is the flame stretch rate. 𝑆𝑆𝑙𝑙 is 182 
obtained from the linear extrapolation based on the plot of 𝑆𝑆𝑛𝑛 − 𝛼𝛼 as the intercept value of 𝑆𝑆𝑏𝑏 at 𝛼𝛼 = 0. 183 
The Markstein length 𝐿𝐿𝑏𝑏 of the burned gas is the negative value of the gradient from the best linear 184 
regression of the flame speed against the stretch rate curve. It’s noted that linear method is used in the 185 
presrnt study due to the little difference in comparison of linear and nonlinear methodologies with lean 186 
equivalence ratios, as shown in reference[19]. 187 
Finally, the laminar burning speed 𝑢𝑢𝑙𝑙 can be calculated with the following equation[13,16], 188 
                      𝑢𝑢𝑙𝑙 = 𝑆𝑆𝑙𝑙𝜎𝜎 = 𝜌𝜌𝑏𝑏𝜌𝜌𝑢𝑢 𝑆𝑆𝑙𝑙                             (6) 189 
𝜌𝜌𝑢𝑢 and 𝜌𝜌𝑏𝑏 are the densities of the unburned and burned gases, respectively. And 𝜎𝜎 is the expansion 190 
factor which is the ratio of the density of the unburned gas to burned gas. The density ratio is calculated 191 
with CHEMKIN software using simplified chemical kinetic mechanism (171 specifies and 861 reactions) 192 
by Luong et al. [20]. The laminar burning speed 𝑢𝑢𝑙𝑙 can be derived by dividing the reported values of 𝑆𝑆𝑙𝑙 193 
with appropriate expansion factors. In this study, under each tested condition, the computed expansion 194 
factors are presented in Table 2. 195 
Table 3 Expansion factor of different fuels at the initial temperature of 373K. 196 
Φ P0/bar PRF95 DF25 DF50 DF75 Methane 
0.8 2.5 5.8099 5.6609 5.5247 5.4347 5.2239 
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5 5.8326 5.7085 5.5710 5.4626 5.2849 
10 5.8622 5.7200 5.5803 5.4617 5.3130 
4. Results and discussion 197 
4.1 System validation 198 
 199 
Fig. 3. Comparison of the laminar burning velocities versus equivalence ratios from the current work and 200 
other research’s results at the pressure of 1 bar. 201 
For the validation of the measured laminar flame speed in this study, we review some relevant 202 
literatures [9,13,21,22]. There are no experimental data about laminar burning speed of methane-PRF95 203 
blend. Therefore, laminar burning speed of PRF95-air mixtures were measured and compared with the data 204 
of iso-octane from previous literatures to validate the current measurement system. Fig. 3 shows the 205 
comparison between the present measurement laminar burning speed of PRF95 with the results of Baloo et 206 
al. [9], Kelley et al. [21], Galmiche et al. [22] and Bradley et al. [13]. As shown in the figures, the laminar 207 
burning speed of PRF95 in the present work is in the same order of the magnitude with the iso-octane 208 
versus equivalences ratios in the above literatures. Thus the measured laminar flame speed in the current 209 
study is reasonable and correct. 210 
4.1 Flame morphology  211 
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 212 
Fig. 4. Chronological schlieren images for different fuels at 2.5 bar. 213 
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Figure 4 presents the development of laminar flame of five fuels with different equivalence ratios (0.8, 214 
1.0 and 1.2) at an initial temperature of 373 K and under initial pressures of 2.5 bar. As shown, the 215 
differences in equivalence ratio and methane fraction have significant impact on the development of 216 
laminar flame. When the equivalence ratio is 0.8, the propagation speed of dual fuel is faster than that of 217 
the base fuels. With the decrease of methane mixing ratio, the development of laminar flame increases and 218 
the flame speed of DF25 is clearly the highest. When the equivalence ratio is 1.0, the differences between 219 
the cases of dual fuel and the base fuel is very insignificant. With the equivalence ratios of 0.8 and 1.0, the 220 
flame surface remains smooth during flame propagation within the test window of 80 mm. It is noted that 221 
although the electrodes might occasionally induce some cracks over the flame front, these cracks do not 222 
necessarily develop into cells and affect the overall shape. However, flame speeds of dual fuel are slower 223 
than that of the base fuels when the equivalence ratio is 1.2. The flame speed of PRF95 is much faster than 224 
that of methane under this condition. The flame becomes wrinkled as the methane mixing ratio decreases. 225 
The cellular structure was observed after 7ms with PRF95 and 10ms with DF25 with equivalence ratio of 226 
1.2. It is noted that under lean conditions, the addition of methane can speed up the flame evolution, which 227 
is different from our expectation, which is the focus of this paper. 228 
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Fig. 5. The relationship of flame radius against time under different initial conditions. 230 
Figure 5 shows the relationship of flame radius versus time with different equivalence ratios of 0.8, 231 
1.0 and 1.2 and under the initial pressures of 2.5 bar, 5 bar and 10 bar. As can be seen from the figures, 232 
with the increase of initial pressure, the slopes of these curves decrease. This indicates that the flame speed 233 
decreases. Under stoichiometric conditions, the flame evolution of different fuels is similar, showing that 234 
the methane added into stoichiometric ratio mixture has little effect on flame propagation. It is noted that 235 
the slopes of dual fuel with lean equivalence ratio (0.8) and under low initial pressure (2.5bar) as shown in 236 
Fig. 5a are greater than that of the base fuel. This indicates that dual fuel has certain advantages if used in 237 
lean burn SI engine. These are also presented in Fig. 4. Therefore, we focus on the test cases with the 238 
equivalence ratio of 0.8 in the following sections. 239 
4.2 Stretched flame speed, Markstein length 240 
4.2.1 The effect of different initial pressures 241 
 242 
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 243 
 244 
Fig. 6. Stretched flame speed of the test fuels with equivalence ratio of 0.8 under different initial pressures. 245 
Figure 6 shows the measured stretched flame speeds with respect to the stretch rate for lean mixtures 246 
under three different initial pressures. Because of the inverse proportionality between the flame stretch rate 247 
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and flame radius as shown in Eq. 2, the flame stretch rate decreases as the radius increases. In general, the 248 
stretched flame propagation velocity decreases with the increase of the initial pressure. For a given initial 249 
pressure, the stretched flame speed shows a decreasing tendency with increasing stretch rate. Thus, the 250 
burned Markstein length, the negative value of the slope from the best linear regression of flame 251 
propagation versus stretch rate curve, is positive. It is similar to the previous work by D. Bradley, et al. 252 
[13]. At 2.5 bar, the difference of propagation speed among different fuels is great. The flame speed of dual 253 
fuel is faster than that of the base fuel, and decreases with the increase of the blending ratio of methane. 254 
DF25 has a maximum flame speed under this condition. This is consistent with the trend described above 255 
in Fig. 4. As the initial pressure rises to 5 bar, the flame speed of the base fuel is still lower than that of 256 
dual fuel. In this case, DF50, the 50% mixing ratio of methane, showed the fastest velocity of flame 257 
propagation. For the initial pressure of 10 bar, the stretched laminar flame speeds for all the tested fuels are 258 
further reduced, and they are more unstable versus stretch rate. The flame speeds of dual fuels are lower 259 
slightly than that of PRF95 but faster than CH4, and the difference between them is small. These results 260 
suggest that, low proportion of methane fuel blended gasoline can promote the development of laminar 261 
flame under the conditions of low pressure and with lean equivalence ratio. This indicates that lean 262 
methane dual fuel has advantages if used in lean combustion SI engine. However, under high initial 263 
pressures of 10 bar, the response of the flame evolution to the DF ratio is totally different compared to that 264 
under the low pressures. 265 
4.2.2 The effect of different equivalence ratios 266 
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 267 
 268 
Fig. 7. Stretched flame speed of the test fuels under initial pressure of 2.5 bar with different equivalence 269 
ratios. 270 
Figure 7 shows the stretched flame speed versus stretch rate under initial pressure of 2.5 bar and with 271 
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equivalence ratios of 1.0 and 1.2, and the case of equivalence ratio of 0.8 can be found in Fig. 6a above. In 272 
general, the flame speed of each fuel has a little difference when the equivalence ratio is 1.0. As the 273 
mixture being rich or lean, the difference between the speed of each fuel becomes evident. As shown in Fig. 274 
7a, the stretched flame speed of the five test fuels are similar in the range of 2.3 to 2.8m/s. PRF95 and 275 
DF50 have the fastest and slowest flame speed, respectively. At the rich equivalence ratio of 1.2, PRF95 276 
has faster flame speed than other fuels. In other words, the propagation speed of dual fuel does not increase 277 
at rich equivalence ratio of 1.2. This is different with the tendency as shown in Fig. 6a. 278 
 279 
300 600 900
1.5
2.0
2.5
3.0
300 600 900
(a)
Φ=1.2
Φ=0.8
 
St
re
tc
he
d 
fla
m
e 
sp
ee
d 
(m
/s
)
Stretch rate (s-1)
DF25, 2.5bar
Φ=1.0
CH4, 2.5bar
 
 
17 
 
 280 
Fig. 8. The comparison between DF25 and the base fuels in stretched flame speed at initial pressure of 2.5 281 
bar. 282 
Stretched flame speeds of methane and PRF95 to DF25 are compared in Fig. 8 with different 283 
equivalence ratios under the initial pressure of 2.5bar. The flame speed is plotted against flame stretch rate. 284 
It can be seen that the maximum stretched flame speed of methane versus the stretch rate appears at the 285 
equivalent ratio of 1.0 and the minimum speed is observed with low equivalent ratio, which is in good 286 
agreement with previous study [17]. However, it should be noted that the blended fuel of methane with 287 
PRF95 completely changes the evolution of stretched flame versus equivalence ratios, which provides a 288 
new insight into the laminar flame propagation of dual fuel. In the meantime, comparing the experimental 289 
data of DF25 and methane at equivalence ratio, φ=0.8, it can be seen that adding methane leads to 57% 290 
increase of stretched flame speed from 1.75 m/s to 2.75 m/s, as shown in Fig. 8a. When φ=1.0, blending 291 
methane has no effect on the flame propagation. For the rich mixture the flame speed of DF25 declines by 292 
7% compared than that of methane. 293 
In contrast, the stretched flame speed of DF25 and PRF95 with different equivalence ratios are shown 294 
in Fig. 8b. The variations of the stretched flame speed of PRF95 with the stretch rate for three different 295 
equivalence ratios under 2.5 bar is similar to the reference [13]. From the equivalence ratio of 1.2 to 0.8, 296 
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the stretched flame speed decreases, which is also different from the evolution of stretched flame speed of 297 
methane. However, when φ=0.8, the flame speed of DF25 is 22% faster than that of PRF95. As 298 
equivalence ratios are 1.0 and 1.2, the flame speed of DF25 is slower than that of PRF95, and there is 299 
strengthening tendency with the increase of equivalence ratio. In addition, with the incorporation of 300 
methane, the slope of the curve decreases, indicating a flame less sensitive to changes in the stretch rate. 301 
4.2.3 Markstein length 302 
 303 
Fig. 9. Burned gas Markstein length versus equivalence ratio linear fits through data. 304 
Figure 9 shows the variation in derived burned gas Markstein length 𝐿𝐿𝑏𝑏 with φ for the five fuels. 305 
Three times of tests are carried out for each case, and the test data are fitted by first-order linear. The 306 
Markstein length in all the cases is positive in this study. It is seen that, with lean mixture of 0.8, PRF95 307 
has the maximum Markstein length. While with rich mixture of 1.2, methane has the maximum Markstein 308 
length. The Markstein length of PRF95 decreases monotonically as the mixture becomes richer. The 309 
opposite trend occurred for methane. With the addition of methane, the changing tendency of dual fuel 310 
locates between the two base fuels. As the methane mixing ratio is up to 75% (DF75), it changes the trend 311 
of evolution of dual fuel versus equivalence ratio. 312 
 The Markstein length indicates the influence of stretch rate on flame speed, which characterizes the 313 
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diffusion-thermal instability. According to asymptotic theory [15,23], the Markstein length depends on the 314 
Lewis number of the fuel in lean equivalence ratio; in contrast it depends on the Lewis number of oxidizer 315 
in rich equivalence ratio. Therefore, the Markstein length will increase with the increase of equivalence 316 
ratio for light hydrocarbon-air mixtures. Meanwhile, it will decrease with the increase of equivalence ratio 317 
for heavy hydrocarbon-air mixtures [13,17,24]. These are consistent with the results of the present study. 318 
4.3 Laminar burning speed 319 
 320 
Fig. 10. Laminar burning speed versus different mixtures at equivalence ratio 0.8. 321 
Figure 10 shows the laminar burning speed versus different fuels under different initial pressures and 322 
with the equivalence ratio of 0.8. At lean conditions, it has been found that the laminar burning speed of 323 
DFs is larger than those of pure PRF95 or methane over the whole range of mixing ratio investigated. 324 
Laminar burning speed decreases with the increase of the initial pressure for all the five fuels. As can be 325 
seen, the speeds of blended fuels are faster than that of the both base fuels under all the three conditions. 326 
The effect decays as pressure increases. At a pressure of 2.5 bar, the laminar flame of DF25 burned fastest 327 
than the other fuels. As the pressure increases, the peak value of laminar burning speed moves towards the 328 
mixture with high blending ratio of methane and DF50 has the fastest flame burning speed under initial 329 
pressure of 5 bar. When the initial pressure is up to 10 bar, the laminar burning speeds of the five fuels 330 
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have minor difference, but the dual fuel still has a litter higher laminar burning speed than base fuels. In 331 
general, the present study indicates that the lean methane dual fuel is appropriate for lean combustion 332 
engine under low load and the stoichiometric combustion under middle load. This provides reference to the 333 
development of lean and homogeneous combustion engines. 334 
4.4 Flame instability 335 
 336 
Fig. 11. Schlieren images of laminar flame at radius of 30 mm, under initial pressure of 2.5 bar. 337 
   There are two main kinds of flame surface instabilities acting on the flame front under the 338 
conditions similar to those in the present work: the diffusion-thermal instability and the hydrodynamic 339 
instability [24-26]. Schlieren images of laminar flames are shown in Fig. 11 for methane, PRF95 and their 340 
blended fuels, at a flame radius of 30 mm. For the images, three equivalence ratios of 0.8, 1.0 and 1.2 are 341 
employed. With the equivalence ratios of 1.0 and 0.8, the flame propagations of the five fuels are stable 342 
(no cellular) with just one or two long “cracks” visible on the flame surface. As the radius shown, the 343 
flame of rich PRF95 mixture has a well developed irregular cellular structure across its surface at 344 
equivalence ratio of 1.2. With the addition of methane, the phenomenon of cell structure is gradually 345 
reduced at the equivalence ratio of 1.2. And DF50 is in critical radius where a cellular structure appears 346 
across the whole flame surface suddenly. The wrinkled flame surface is accompanied by an increase of 347 
flame speed, and the cells on the flame surface are observed to be subdivided into smaller cells as the 348 
flame continues to propagate outwardly. These are affected by hydrodynamic and diffusive-thermal 349 
instabilities, and the stretch rate has a more significant impact on the flame front. As shown in Fig. 4 and 350 
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Fig. 11, the flame is initially stable because of the strong curvature-induced stretch stabilizing effect. As 351 
the flame propagates outwardly and the stretch rate decreases gradually, a critical state is reached at which 352 
cell development can no longer be suppressed and cellular appears almost instantaneously over the entire 353 
flame surface [24]. 354 
5. Conclusions 355 
The effect of adding methane to PRF95 premixtures has been investigated experimentally. In each 356 
case, 25%, 50% and 75% by energy of methane are added. Experiments were conducted under 2.5 bar, 5 357 
bar and 10 bar and the equivalence ratio varied with 0.8, 1.0 and 1.2. The main conclusions are 358 
summarized as following: 359 
1. Adding methane to PRF95 increases the unstretched burning speed in lean region under low initial 360 
pressure (2.5 bar) while decreases it in rich region. Comparing the data of DF25 and the base fuels at 361 
φ=0.8, it can be seen that the flame speed of DF25 is 57% faster than that of methane and 22% faster 362 
than that of PRF95.  363 
2. Laminar methane-PRF95 mixtures burns faster than those of pure methane and PRF95 at equivalence 364 
ratio of 0.8 over the whole range of initial pressures investigated, and this trend is more pronounced at 365 
low pressure. At initial pressure of 2.5 bar, with the decrease of methane mixing ratio, the 366 
development of laminar flame increases and the flame speed of DF25 is clearly the highest. As the 367 
pressure increases, the peak value of laminar burning speed moves towards the mixture with high 368 
blending ratio of methane. 369 
3. The Markstein length of PRF95 decreases monotonically as the mixture became richer. The opposite 370 
trend occurs for methane. With the addition of methane, the changing tendency of dual fuel locates 371 
between the two base fuels. 372 
4. With the addition of methane, the phenomenon of cell structure is gradually reduced with the same 373 
radius. The addition of methane to PRF95 results in later onset of laminar flame instability. 374 
Although deep mechanism of this phenomenon has been tried to explain through detailed chemistry 375 
mechanism, the present mechanism also can’t obtain the trend like this paper. Therefore, more work about 376 
chemistry mechanism of dual fuel with methane and PRF needs to be done in future. However, the present 377 
work suggests that, low proportion of methane fuel blended gasoline can promote the development of 378 
laminar flame under the conditions of low pressure and with lean equivalence ratio. And the results also 379 
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provide important theoretical references to lean burn SI engine with methane-gasoline dual fuel. 380 
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